Human mesenchymal stem cells (MSCs) have the capacity for self-renewal and maintain pluripotency, which is defined by their ability to differentiate into cells such as osteoblasts, neurons, and glial cells. In this study, we report a method for defining the status of human MSCs based on electrochemical detection systems. Gold nano-dot structures were fabricated using a nanoporous alumina mask, and the structural formations were confirmed by scanning electron microscopy (SEM). Human MSCs were allowed to attach to RGD (Arg-Gly-Asp) peptide nanopatterned surfaces, and electrochemical tools were applied to the MSCs attached on the chip surface. The cultured MSCs were shown to differentiate into neural cell types, as indicated by immunocytochemical staining for tyrosine hydroxylase and beta tubulin III. Following treatment with basic fibroblast growth factor (bFGF) for 14 days, most of the B10 cells exhibited bipolar or multipolar morphology with branched processes, and the proportion of B10 cells expressing neuronal cell markers considerably increased. Electrophysiological recordings from MSCs treated with bFGF for 5-14 days were examined with cyclic voltammetry, and the electrochemical signals were shown to increase during differentiation from MSCs to neuronal cells. This human MSC cell line is a useful tool for studying organogenesis, specifically neurogenesis, and in addition, the cell line provides a valuable source of cells for cell therapy. The electrochemical measurement system proposed here could be utilized in electrical cell chips for numerous applications, including cell differentiation, disease diagnosis, drug detection, and on-site monitoring.
INTRODUCTION
Mesenchymal stem cells (MSCs) possess self-renewal capacity and pluripotency, which is defined by their ability to differentiate into bone, fat, cartilage, and muscle. 1 MSCs are also known to differentiate into neurons and glial cells in vitro and in vivo. 2 MSCs derived from bone marrow differentiate into neuronal lineage cells, and the expression of beta ( -tubulin III during the early phases of neuronal differentiation has been shown to be gradually replaced by neurofilament proteins as human MSCs become more mature neuronal lineage cells.
1 * Author to whom correspondence should be addressed.
Cell chip technology is a promising tool that has been used for cell-based assays. There are two kinds of cell detection systems for these chips, 3 which are based on optical detection or electrical (electrochemical) detection, respectively. Optical systems permit observation of visual cells changes and have high sensitivity and selectivity. However, optical systems are limited by the size of the instrument and the process of transforming the optical signal into an electrical signal. 3 4 While electrical cell detection systems are not as well-developed as optical systems, electrical systems may be miniaturized, and the signals are easily analyzed. There 5 Living cells have been evaluated under various electrochemical conditions, such as electron transfer at electroactive centers in cells, open circuit potential at the cell/sensor interface, electric cellsubstrate impedance sensing (ECIS), scanning electrochemical microscopy (SECM) to obtain images of the respiratory activity of collagen-embedded living cells, electrochemical impedance spectroscopy (EIS), and activation of an oxygen electrode. [6] [7] [8] [9] [10] [11] [12] [13] Recently, the voltammetric behavior of HeLa cells was measured using a gold electrode as a working electrode in phosphate-buffered saline (PBS). This analysis demonstrated the effectiveness of anti-cancer drugs using CV and potential stripping analysis methods.
14 However, there has been no attempt to detect MSC differentiation using electrical or electrochemical systems.
In this study, we developed an electrochemical system to detect the differentiation of MSCs to neuronal cells, which was demonstrated based on immunocytochemical staining for nestin, neurofilament protein, and -tubulin III. Electrophysiological recordings from MSCs treated with basic fibroblast growth factor (bFGF) for 5-14 days were examined with cyclic voltammetry. The proposed electrochemical measurement system may be applied to electrical stem cell chips for disease diagnosis, drug screening, and onsite monitoring.
EXPERIMENTAL DETAILS
Gold (Au) nanopunct, well-ordered nanoporous alumina masks were prepared from aluminum foil (99.99%, 100-m thickness) via a two-step anodization process. 15 Aluminum foil was electropolished in a solution of HClO 4 and ethanol (1:4, v/v) at a constant voltage of 20 V for 60 s. The first anodization step was conducted by applying a 40 V DC voltage in a 0.3 M oxalic acid solution at 3 C for 4 h. A Teflon sample holder with a circular hole of 10-mm diameter was used. The alumina layer formed during the first anodization process was dissolved in a mixed solution of 0.4 M phosphoric acid and 0.2 M chromic acid for 5 h at 65 C. After removing the alumina layer, a second anodization process was carried out for 5 min under the same conditions employed for the first anodization. After the second anodization, the alumina layer was slightly etched by immersing for 15 min in aqueous 5 wt% phosphoric acid at 30 C. Then, the surface of the nanoporous layer was painted with a protective layer consisting of a mixture of nitrocellulose and polyester resin in butyl acetate, ethyl acetate, and isopropyl alcohol. The remaining aluminum substrate was removed in a saturated HgCl 2 solution. The alumina layer was again etched for 8 min in aqueous 5 wt% phosphoric acid. Finally, the protective layer was dissolved in acetone, rinsed several times in distilled water, and then sorted on filter paper. An indium tin oxide (ITO) glass substrate was placed on the alumina mask and turned upside down. The filter paper was then carefully peeled from the alumina mask.
Fabrication of a Cell-Based Chip
The alumina mask, with through-holes on the ITO glass, was placed on a sample holder in an evaporator system (Fig. 1 ). Au was deposited on the ITO substrate through the pores of the nanoporous alumina mask using a thermal evaporator (ULVACVPC-260) with a vacuum pressure of 3 × 10 −6 Torr and an evaporation rate of approximately 0.1 Å s −1 . Following Au deposition, the alumina mask placed on the ITO substrate was dissolved for 5 min in 10 wt% NaOH and then rinsed 3 times in distilled water. After the pretreatment process, a well-ordered oligopeptide (RGD-MAP-C) was fabricated on the freshly cleaned Au electrode, as was reported in our previous work. For electrochemical measurements, a 1 cm × 1 cm × 0.5 cm (width × length × height) cell chip chamber was fabricated by fixing the chip into a sterile plastic chamber (LabTek(R), Thermo Fisher Scientific, Waltham, MA, USA). Skin fibroblast cells were seeded on the chip at a density of 5 ×10
4 cells/chip, and then immobilized via RGD (ArgGly-Asp) integrin interactions for 24 h in a standard cell culture environment. The surface morphology was analyzed using a scanning electron microscope (SEM, ISI DS-130C, Akashi Co., Tokyo, Japan).
Cyclic Voltammetry Analysis
Cyclic voltammetry analysis was conducted using a potentiostat (CHI-660, CH Instruments, Austin, TX, USA), controlled using the General Purpose Electrochemical System software. We prepared a three-electrode system consisting of a cell-based chip working electrode, a platinum wire auxiliary electrode, and an Ag/AgCl reference electrode. The effects of anti-cancer drugs on cell behavior, as well as the electrical properties of living cells, were investigated with the electrode system. PBS (10 mM, pH 7.4) was used as an electrolyte at a scan rate of 0.1 V/s.
Culture Conditions for MSC Differentiation
To induce neuronal differentiation in the MSCs, the cells were grown for 14 days in medium consisting of Dulbecco's Modified Eagle Medium (DMEM) containing 1% fetal bovine serum (FBS) and supplemented with growth factors (100 ng/mL bFGF) that were tested for neuronal induction. Induction of neuronal and glial phenotypes in the MSCs was confirmed by immunostaining with antibodies specific for dopamine and -tubulin III, and 100 ng/mL bFGF proved to be most effective for inducing the neuronal cell phenotype.
RESULTS AND DISCUSSION

SEM Analysis of the Au Nanopunct Array
The two-step wet chemical etching process used to produce the alumina with through-holes is shown in Figure 2 The average diameter of the nanoporous alumina was measured at 72 ± 5 nm via SEM analysis. The thickness of the alumina mask was approximately 200 nm. The thickness of the nanoporous alumina mask has been shown to depend on the second anodization time. 15 Thus, the longrange ordered ultrathin alumina mask, with through-holes, was placed on the ITO glass substrate, which was able to bind to the substrate via van der Waals interactions. 16 Figure 2(b) shows an SEM image of the Au nanopunct arrays formed on the ITO glass following the removal of the nanoporous alumina mask. The average diameter of Au nanopunct arrays was approximately 72 ± 5 nm, whereas the mean height was 50±5 nm. The shape of the Au nanopunct arrays depends on the pore diameter and thickness of the alumina mask. In general, the nanoporous alumina mask has been shown to play a very important role in the ordering of the nanopunct array, and was removed after the second etching process. 15 Thus, the Au nanopunct, with a regular size and uniform spatial distribution, was achieved using the nanoporous alumina mask, and could be used as a nanobioplatform for the cell chip.
Differentiated Cells on the Two-Dimensional Au
Nanopunct Cell Chip Self-assembly has been used to produce thin biomolecular layers on solid surfaces for various electronic device applications. 17 Au surfaces have been used as a substrate for the formation of self-assembled monolayers of thiocompounds, such as cysteine (Cys) proteins. 18 In particular, the cell adhesion motif, RGD, and its derivatives, which are found in a variety of cellular adhesive molecules, have been widely employed as substrates to increase cellular attachment, adhesion, and proliferation. 19 In particular, a modified RGD peptide terminated with a Cys protein was shown to self-assemble on Au-sensing surfaces. 17 19 Focal contacts have been shown to function as coordination sites between the extracellular matrix (ECM) and the actin cytoskeleton. 17 20 MSCs are known to have the capacity to migrate and differentiate into various cell types, and for integration into host tissues following in vivo transplantation. In this study, less than 20% of the MSCs evaluated were immunoreactive for the neuronal marker, -tubulin III, or for dopamine neuron marker, tyrosine hydroylase, when they were grown in regular culture medium without bFGF supplementation. However, after treatment with bFGF for 15 days, most of the MSCs exhibited bipolar or multipolar morphology with branched processes, and the proportion of MSCs expressing cell type-specific markers considerably increased ( Fig. 3(a) ). MSCs expressing -tubulin III increased from 15 ± 2.3% in the control to 70.2 ± 3.2%, and tyrosine hydroylase increased from 0 to 5 ± 0.2% (Fig. 3(b) treatment with bFGF, a larger number of neurons were found in cultures as compared to the number of MSCs. These results indicate that bFGF is a highly effective modulator/inducer of neuronal differentiation for undifferentiated and uncommitted MSCs. Increased expression of -tubulin III and tyrosine hydroylase in MSCs, following bFGF treatment, as shown in the present study, suggests that B10 cells differentiate into neuronal progenitor cells and neurons via a bFGF-mediated differentiation pathway. RGD-MAP-C is well known that cellular behaviors (e.g., adhesion, migration, proliferation, and differentiation) are quite sensitive to the bioactivity, interspacing, and density of surface RGD ligands on artificial ECM materials. 18 Thus, a nanopatterned RGD-MAP-C layer improved cellbinding affinity and differentiation to Au substrates and showed sufficient sensitivity for electrochemical detection of cell viability.
Cyclic Voltammetry Analysis of Electrochemical
Signals in Neuronal Cells Electrochemical signals from undifferentiated MSCs and differentiated MSCs were compared to evaluate the MSC differentiation. MSCs were seeded and incubated on an Au nanopunct array at a density of 1 × 10 6 cells/mL for 15 days. Afterward, the cells were exposed to bFGF dissolved in the culture medium for 15 days to induce neuronal cell differentiation. The cells on the electrode were carefully rinsed with PBS and subjected to electrochemical measurements, with a solution of 0.01 M PBS (pH 7.4) used as the electrolyte. Cyclic voltammetry analyses were conducted using a potential window of −0.2 V to 0.8 V (vs. Ag/AgCl) and a scan rate of 100 mV s −1 . The electrochemical signal of MSCs exhibited a cathodic (Epc) peak current at 104 mV and an anodic (Epa) peak current at 309 mV in undifferentiated MSCs (Fig. 4) . A pair of well-defined redox peaks from the differentiated MSCs cultured for 5 days was observed at 104 mV and 333 mV (vs. Ag/AgCl) as Epa and Epc peak potentials, respectively. At 10 days of differentiation, a pair of well-defined redox peaks was observed at 104 mV and 386 mV (vs. Ag/AgCl) as Epa and Epc peak potentials, respectively. At 15 days of differentiation, a pair of welldefined redox peaks was also observed at 104 mV and 448 mV (vs. Ag/AgCl) as Epa and Epc peak potentials, respectively. These results demonstrate that the Epc peak of differentiated cells decreased when compared to undifferentiated cells, and the Epa peak of differentiated cells increased more than undifferentiated MSCs. The peak separation ( Epc − Epa ) between the Epa and the Epc peaks was approximately 205 mV in undifferentiated MSCs. After differentiation for 15 days, the Epc − Epa between the Epa and the Epc peaks was approximately 344 mV. Thus, the peak current, I pc, might be increased by increasing the number of days the cells are differentiated. The effects of bFGF treatment on the detection of electron transfer from differentiated cells to an electrode were also assessed, to determine that the peptide-modified Au electrode yielded more stable and stronger redox peaks on the CV than were observed with a bare Au electrode. [18] [19] [20] The effect of PCB on the cyclic voltammetric behavior of differentiated MSCs was determined by perfusion of pre-incubated cells for 24 h, and the cyclic voltammogram of the PCB was shown to be of a reverse linear nature. The cyclic voltammetry of five different concentrations of PCB, starting from 100 nM using a potential window of −0.2 V to 0.6 V (vs. Ag/AgCl) and a scan rate of 100 mVs −1 , were detected. The PCB showed a reduction in peak current at 104 mV and an oxidation peak current at 348 mV. In this study, the reduction peak current was used as a measure of the neuron content in differentiated cells. Using the cell chips that were fabricated in-house as the working electrode, the reduction current peaks were measured as 2.397 ± 0.246 A from 100 nM PCB. The current peak for the control was detected at 3.048 ± 0.232 A (Fig. 5) . These results demonstrated that the current peaks decreased as the PCB treatment in MSCs differentiated cells. Finally, we compared the signal of differentiated MES cells and undifferentiated MES cells. Our findings indicate that the electrochemical measurement system proposed here could be applied to electrical stem cell chips for diagnosis, drug detection, and on-site monitoring.
CONCLUSION
In this study, we report a method for defining the status of MSCs, based on electrochemical detection systems.
A cell-based chip was fabricated by immobilizing living cells on RGD-MAC-C peptide self-assembled Au electrodes to evaluate differentiated cells. In this study, the RGD-MAP-C was fabricated on Au surfaces via the selfassembly technique through an AAO mask to compare structural stability and homogeneity. MSCs cells were attached to the peptide fabricated Au patterns dots, were differentiated with bFGF for 14 days, and detected the electrochemical neuron signals on the cell chip. Following treatment with bFGF for 14 days, most of the evaluated B10 cells exhibited bipolar or multipolar morphology with branched processes, and the proportion of B10 cells expressing tyrosine hydroxylase and -tubulin III considerably increased. Our results demonstrate that the Epc peak of differentiated cells decreased when compared to undifferentiated cells, and the Epa peak of differentiated cells increased more than MSCs. Cell chips fabricated in our laboratory were used as the working electrode, and we measured the reduction current peaks as 2.397 ± 0.246 A from 100 nM PCB. The current peak of the control was detected at 3.048 ± 0.232 A, indicating that the current peaks decreased as the PCB treatment in MSCs differentiated the cells. Finally, we compared the signal of differentiated MES cells and undifferentiated MES cells. The proposed electrochemical measurement system could be applied to electrical stem cell chips that would be applicable for disease diagnosis, drug detection, and on-site monitoring.
